Previous studies have demonstrated various combinations of non-nutritive erythritol and sucrose having detrimental effects on Drosophila suzukii (Matsumura). Fly mortality is likely caused by 1) starvation from feeding on nonmetabolizable erythritol; and 2) physiological imbalance with abnormally high osmotic pressure in the hemolymph. While erythritol kills D. suzukii in controlled environments, flies in the field can access naturally-occurring sugar sources. We evaluated fly mortality in the presence or absence of wounded fruits, and an erythritol mixture of 2.0 M erythritol:0.5 M sucrose (E+S), or erythritol-and sucrose-only controls. When provided E+S, survival was consistently lower than sucrose controls with/out wounded fruit, suggesting that this mixture still has a detrimental effect in the presence of competing sugar sources. Our second study examined the effects of diet on fecundity and egg load of female D. suzukii. Females laid fewer eggs on blueberries when fed E+S or erythritol-only than sucrose. Unexpectedly, females fed E+S had more ovarial eggs than sucrose-fed females, suggesting that erythritol might inhibit D. suzukii laying eggs. Lastly, we evaluated honey bee survivorship by enclosing bees with one of four diets in a cage. The erythritol mixture had no discernible impact on adult survivorship during 7 d.
Spotted wing Drosophila, Drosophila suzukii (Matsumura), is a global economic pest of small fruits (Asplen et al. 2015 , Dos Santos et al. 2017 . While chemical insecticides effectively control this fly, potential negative effects from long-term use of broad-spectrum pesticides could occur. While alternatives including biological and cultural controls are being studied (Woltz et al. 2015 , Kenis et al. 2016 , Rice et al. 2017 , Wang et al. 2018 , these approaches are still under development, requiring approval for release, or are costly. Ideal insecticides would be effective against D. suzukii, yet be non-toxic to humans and beneficial insects. Here we tested erythritol, a non-nutritive sugar, for its effectiveness against D. suzukii in the presence of competing sugar sources, its impact on egg load, and its toxicity to honey bees.
Recently, non-nutritive sugars including erythritol fed to Drosophila melanogaster (Meigen) reduced the fly's longevity, motor coordination, and reproduction (Baudier et al. 2014 , O'Donnell et al. 2016 , O'Donnell et al. 2018 . Thereafter, erythritol was confirmed to have insecticidal properties against D. suzukii , Goffin et al. 2017 , Sampson et al. 2017b , Sampson et al. 2017a , Sampson et al. 2018 . Erythritol is a non-metabolizable carbohydrate that cannot be digested or converted to a nutrient source Choi et al. (2017) . Unused erythritol molecules accumulate in the body, causing the fly to have high osmotic pressure in the hemolymph as erythritol diffused from the midgut and is slowly excreted in feces . These results suggest two potential insecticidal actions: 1) starvation from non-metabolizable erythritol and 2) physiological imbalance from abnormally high osmotic pressure.
Although erythritol can induce mortality, D. suzukii prefers to feed on other sugar sources over erythritol when given a choice . Drosophila flies select sugars based on nutritional value, and flies can recognize a nutritional sugar through learning and appetitive memory (Burke and Waddell 2011, Fujita and Tanimura 2011) . For this reason, sucrose was added to erythritol as a phagostimulant, causing D. suzukii to ingest more solution, as found by adding sucrose to conventional insecticides (Cowles et al. 2015) . A 2.0 M erythritol:0.5 M sucrose mixture (henceforth designated 'E+S') caused the highest mortality and lowest fecundity in D. suzukii bioassays ). This mixture is more effective than erythritol alone since it is sweeter and readily consumed.
While erythritol holds promise for field applications, several concerns need to be addressed. Flies will likely feed on other naturallyoccurring sugar sources such as fruit juice or floral nectar (Kacar et al. 2016 , Tochen et al. 2016 . Thus, we evaluated the efficacy of E+S in the presence of wounded blueberry fruits. Since it takes several days for D. suzukii to die from erythritol, we determined whether fecundity and egg load were reduced among still-living female flies. Previously, Tang et al. (2017) found lower oviposition rates with E+S which may have been related to fewer surviving females present to lay eggs. Field application of E+S post-bloom could impact beneficial insects, and we investigated the potential toxicity to honey bee adults.
Materials and Methods

Flies and Erythritol
Drosophila suzukii was maintained using standard rearing methods (Woltz et al. 2015) . Newly emerged adults were collected daily and maintained in cages with water and diet until they were 5 d old. Meso-erythritol (>99%) and sucrose (>99%) (Fisher Scientific, Hampton, NH) were used in this study.
Effect of Erythritol Mixture on Fly Survivorship With Wounded Blueberries
Since flies were previously fed diet ad libitum, flies were starved 24 h prior to the assay so they would likely feed on the solutions or wounded berries. Ten flies (five males and five females) were introduced into a plastic deli cup (1 liter) to feed on 2.0 M erythritol:0.5 M sucrose (E+S), 0.5 M erythritol, or 0.5 M sucrose solution soaked in a cotton wick in a 1.5-ml centrifuge tube. In each container, five blueberry fruits were provided for flies and replaced after 4 d. Wounded blueberries were prepared by puncturing each berry with a thumbtack three times. Various proportions of wounded blueberries (0/5, 1/5, or 3/5) were provided to flies in each cup. Survivorship of flies was checked daily for 7 d. Each sugar and fruit combination was set up in 3 cups, with 30 flies total per treatment.
Effect of Erythritol Mixture on Fly Fecundity
The number of flies, container and diet treatments were as described above. Flies were exposed to a diet treatment and five blueberry fruits for 48 h, a period where they were expected to survive.
Eggs laid in the blueberries were counted under a microscope. Females were frozen and dissected to count ovarial eggs under the microscope. There were eight cups (replicates) per treatment for assessing egg laying, and four cups with a total of 20 females per treatment for assessing egg load.
Effect of Erythritol Mixture on Honey Bee Longevity
Honey bee workers (1-3 d old) were collected from 4 different hives at the Oak Creek apiary, Corvallis, OR, and placed in a metal gridded cage in an incubator under simulated hive conditions (33 ± 5°C, 55 ± 5% RH). A sucrose solution (40%) and water in 25 ml vials inverted on top of the cage were provided to feed bees through the cheesecloth secured over the vial mouths. Fifty bees per cage (11 cm H × 13 cm i.d. cylindrical) were used for each treatment. At 0830 hours, their sucrose solution was replaced with: 1) 0.5 M sucrose, 2) 0.5 M erythritol, 3) 2.0 M erythritol: 0.5 M sucrose (E+S), or 4) water. Bees were allowed access to the solution over 9 h. At 1730 hours, the treatment solution was replaced with a 40% sucrose solution. This cycle repeated each morning and dead bees were recorded daily for 7 d. A fresh solution of sucrose and water was replaced as needed. Each treatment cage was replicated four times.
Statistics
Fly survivorship was compared by proportional hazards with diet, wounded berry proportion and their interaction as effects. Due to a treatment × wounding interaction, diets were compared at each wounding level, and wounding was compared for each diet with an adjusted Bonferroni P-value (0.0167 = 0.05/3). Eggs laid from all five berries within a cup were tested in a generalized linear mixed model with diet as fixed and trial date as random effects using a lognormal distribution. Ovarial eggs were tested with treatment as fixed and cup as random effects using a Poisson distribution, and further separated by Tukey HSD. Bees within a cage (replication unit) were from the same hive, and the cumulative proportion dead was tested in a generalized linear mixed model with treatment, days and their interaction as fixed and cage as random subject effects. Treatments were separated by Tukey HSD. Statistics were done in Proc Phreg and Proc Glimmix (SAS 9.4, Cary, NC).
Results and Discussion
Effect of Erythritol Mixture on Fly Mortality With Wounded Fruits
In the field, flies can access other naturally-occurring sugar sources which may compromise the effectiveness of the erythritol mixture (2.0 M erythritol: 0.5 M sucrose, E+S). Our laboratory study showed that the presence of separate sugar sources along with erythritol can reduce its effectiveness, but still has an insecticidal effect. In the field, D. suzukii consuming less erythritol may take more time to die.
Drosophila suzukii fed on fruit juice from wounded berries based on observations and greater survivorship on E+S in the presence of wounded berries. While unwounded berries might be punctured by the ovipositor and fed upon, previously, D. suzukii did not feed from ovipositional punctures in blueberries to have detectable sugar gains (Wong et al. 2018) . Mortality from E+S was 100% with unwounded berries (Fig. 1A) versus 85% (Fig. 1B) or 87% (Fig. 1C ) with wounded berries (P < 0.0001) at 7 d. There was no or minimal mortality among flies fed sucrose, and similar mortality rates among flies fed erythritol regardless of the presence of wounded berries (P > 0.017). Flies fed E+S without wounded fruits were 100% dead within 5 d, which was higher than flies fed 0.5 M erythritol with 43% dead at 5 d (Fig. 1A) . This addition of sucrose to erythritol is necessary to enhance the lethal effect of erythritol, and similar results have been observed in prior assays with D. suzukii ).
Effect of Erythritol Mixture on Fly Fecundity With Fruits
Our results confirmed that erythritol feeding has a negative effect on egg laying before females die. When fed E+S or erythritol-only, females laid ~43% fewer eggs on blueberries than those fed sucrose in a 2-d period ( Fig. 2A) . While D. suzukii may not die instantly from erythritol feeding, such flies have reduced ovipositional activity and would likely infest fewer fruits in the field. Previously, an overall reduction in fecundity was observed in erythritol treatments which may have been related to the shortened lifespan in D. suzukii (Goffin et al. 2017 , Sampson et al. 2017a ) and D. melanogaster (O'Donnell et al. 2018).
To clarify whether this reduction in fecundity was due to altered oviposition behavior or egg maturation, females were dissected to count ovarial eggs. Surprisingly, the number of ovarial eggs in E+S-fed flies was 37% or 45% more than sucrose-or erythritol-fed flies, with no difference between sucrose-and erythritol-fed flies (Fig. 2B) . When combining average eggs laid with ovarial egg load, erythritol-fed females had 12.4 eggs, E+S-fed females had 16.5 eggs, and sucrose-fed had 19.3 eggs. Erythritolfed D. suzukii laid fewer eggs and had fewer ovarial eggs than sucrose-fed flies which suggests that erythritol feeding lowers egg production. This is not surprising because D. suzukii does not obtain adequate nutrients from erythritol, which is not metabolized by the fly ). Interestingly, E+S-fed females laid fewer eggs but had more ovarial eggs than sucrose-fed females which suggests that erythritol ingestion may lower oviposition activity. Since erythritol increases the osmotic pressure in the fly's hemolymph, this may impede physical movement needed for oviposition. It is also possible that erythritol could be an ovipositional deterrent, but this would need to be tested by applying erythritol to fruit and running no-choice and choice tests; our study fed flies erythritol from a vial and exposed flies to untreated fruit.
Effect of Erythritol Mixture on Honey Bee Survivorship
When honey bees could only feed on E+S, erythritol, sucrose, or water during foraging hours, survival rates were similar among treatments at 74-85% (Treatment F 3,12 = 0.45, P = 0.72, Day F 6,72 = 12.2, P < 0.0001, Treatment × Day F 18,72 = 1.4, P = 0.14). If honey bees were exposed to erythritol for longer periods, differences may appear. But, the high exposure rate tested in the cage is not expected in the field. Honey bees are attracted to flowers via visual and odor cues. The attractiveness of the erythritol mixture is not , and 60% (C) wounded blueberry fruits in the cup. Diet treatment F 2 = 26.3, P < 0.0001, wounded berry F 2 = 0.013, P = 0.99, diet × wounded F 4 = 34.3, P < 0.0001, single df value for proportional hazards. Different letters denote significant differences (P < 0.0167) by pairwise proportional hazards comparisons.
known although sugars are odorless. Foraging workers can perceive sugar through the gustatory receptors (de Brito Sanchez 2011 , Metz et al. 2018 . Future studies with erythritol sprays should monitor the presence of honey bees as well as other natural enemies to determine the extent of exposure, and test survivorship of other natural enemies with erythritol.
The physiology of honey bees may explain the lack of observed effects in 7 d. The crop of the honey bee is developed to collect floral nectars for foraging (Snodgrass 1984) . Floral nectar is temporarily stored in the crop, carried to the hive, digested into honey, shared with other bees, and stored in wax cells. Unlike D. suzukii, the erythritol in the crop of the honey bee would not be transferred into the hemolymph to evoke abnormal osmotic pressure. Possibly a small amount of erythritol that diffused into the hemolymph could be simply excreted through the hindgut and Malpighian tubules. The increasing rate of osmolarity in the hemolymph has been demonstrated among honey bees, but it differs depending on metabolizable or non-metabolizable carbohydrates ingested (Roces and Blatt 1999) .
In conclusion, erythritol combined with sucrose reduced the longevity of D. suzukii regardless of the presence of wounded blueberries. Besides causing death, erythritol ingestion appears to interfere with ovipositional behavior and/or physical process of egg laying. The mixture did not decrease survivorship of honey bees within 7 d. Future studies should evaluate field applications, spray frequency and volume of erythritol mixture. While the present research focuses on D. suzukii, future research should investigate whether this tool can be applied to other Dipteran pests.
